We investigate magnon-phonon interaction times in the ferrimagnetic insulator yttrium iron garnet by means of time-resolved spin Seebeck effect experiments. To this end we use an intensity modulated laser beam which generates a time-varying thermal gradient across yttrium iron garnet/normal metal thin film stacks. The ensuing spin Seebeck voltage exhibits a characteristic drop for frequencies in the megahertz regime, owing to the low-pass-behavior of our measurement circuit. The maximum low-pass cutoff frequency of 37 MHz, observed in our samples at room temperature, puts a lower limit to the magnon-phonon scattering time relevant for the spin Seebeck effect in our samples. Since the uniform magnetization precession mode (k = 0) and small wavevector magnons in bulk yttrium iron garnet are known to exhibit magnon-phonon thermalization times of a few hundred nanoseconds, our results suggest that small k magnons do not play an important role in the spin Seebeck effect in our samples.
The field of spin caloritronics 1,2 studies phenomena resulting from the the interaction between heat and spin currents. In general, in a magnetic solid all entities transporting entropy (electrons, phonons, magnons, etc.) are contributing to the heat current. Since electrons and magnons are also transporting angular momentum (spin) it is difficult to unambiguously disentangle the different contributions. Fortunately, in magnetic insulators such as yttrium iron garnet (Y 3 Fe 5 O 12 , YIG) there are no mobile charge carriers. This results in a simpler situation in which the heat current is carried by magnons and phonons, while the spin current is carried only by magnons. In this scenario the magnon-phonon interaction is crucial for the understanding of spin caloritronics. Until now, the magnon-phonon thermalization time (τ mp ) for bulk YIG has only been measured for small wavenumber magnons and found to be of the order of several hundred nanoseconds. 3 Recently, Agrawal et al. 4 proposed to measure τ mp via magnon temperature measurements, but theoretical calculations suggest that the resolution of these experiments may not be sufficient for obtaining the desired information.
5
On the other hand, since the spin Seebeck effect 6, 7 (SSE) hinges on the magnon-phonon interaction, spin Seebeck experiments should enable an estimation of τ mp . Following Xiao et al., 8 the spin Seebeck effect in ferromagnet/normal metal bilayers arises from a difference in the magnon temperature in a ferromagnet and the electron temperature in an adjacent normal metal.
8 Both electrons and magnons, however, are coupled to the much larger phonon heat reservoir. Therefore, the dynamics is ultimately limited by the respective interaction times. In other words, the response of the magnon system to a thermal gradient (heating), generated in the strongly interacting electron/phonon system (the electron-phonon scattering time typically is in the picosecond regime 9 ), is limited by τ mp . The experimentally observed spin Seebeck voltage signal should thus show a characteristic roll off for thermal excitation with a frequency 2πf mod ≈ 1/τ mp . In this letter, we present transient spin Seebeck effect measurements providing insight into τ mp . The spin Seebeck measurements are performed in the longitudinal configuration, 10 using a focused laser beam to generate a vertical temperature gradient in a normal metal/ferromagnetic insulator hybrid structure. The laser directly deposits heat in the electron system of the metal, from which it is distributed to the phonon and magnon system. Steady state is reached after a time t ≈ τ mp , the supposed slowest relevant time constant in the system. Our time resolved spin Seebeck measurements are performed with an effective bandwidth of 50 MHz of the detection electronics, but are ultimately limited to a bandwidth of 30 MHz by the characteristic low-pass behavior of the samples. Since we observe no evidence for an intrinsic process limiting the spin Seebeck effect within our measurement bandwidth we conclude that the magnon-phonon interaction time relevant for the spin Seebeck effect in our Pt/YIG thin film hybrid structures is smaller than 2π30 MHz ≡ 5 ns. Using optical lithography and argon ion milling, the Pt film is patterned into rectangular shaped stripes. The measurement setup is sketched in Fig. 1 . We use an electrically modulated red laser (Toptica iBeam smart, λ Laser = 645 nm) coupled to an optical fiber which terminates in a collimation pack focusing the laser beam to a small spot of about 2.5 µm diameter. 5, 12 The focused laser beam locally heats the sample, thereby creating a thermal gradient across the YIG/Pt interface (parallel to the surface normal). For spatially resolved measurements the laser spot can be scanned across the sample surface by means of a xyz-stage. All data discussed in this letter was taken at room temperature. To distinguish the spin Seebeck effect from other thermal effects we exploit the fact that the spin Seebeck voltage (V SSE ) depends on the applied external magnetic field direction via the inverse spin Hall effect, which converts the spin current J s to a charge current J c 13 :
Here, σ is the spin polarization determined by an externally applied field parallel to the YIG film, i.e. perpendicular the thermal gradient ∇T along the y-direction (cf. Fig. 1 ) and θ H is the spin Hall angle. 13 In our measurements, we use a square waveform modulation of the laser intensity at frequency f mod , resulting in a periodic heating at the same frequency. Then, via the spin Seebeck effect, the sample acts as a voltage source with a square .9) sample. At a fixed frequency f mod , the laser scans the sample in 2 µm steps in the ydirection, and the voltage along the Pt bar at every point is measured. This procedure is then repeated for the next frequency. The V SSE data shown here are obtained by subtracting two sets of data recorded at +70 mT and −70 mT, respectively. The Pt stripe extends between y = 50 µm and 130 µm along the y-axis. On this sample the spin Seebeck voltage signal stays constant up to about f = 1 MHz and then decays with increasing f mod due to the RC low pass filtering.
wave output of amplitude V 0,SSE . Due to the finite resistivity of the Pt film the sample acts as a load resistor R to the voltage source. The sample is connected to the measurement electronics via coaxial cables, which, in addition to the sample carrier, grounds V 0,SSE via a shunt capacitance C. Figure 1 shows the equivalent circuit diagram. Using Kirchhoff's law the frequency response of the system can be modeled as
where V SSE is the measured spin Seebeck voltage and V 0,SSE is the voltage generated by the spin Seebeck effect. Equation (2) yields the characteristic first order low-pass transfer function
with the cutoff frequency f c = (2πRC) −1 . For modulation frequencies f mod f c , one thus will observe the full spin Seebeck voltage V 0,SSE , while for f mod > f c the V SSE observed in experiment should show a characteristic RC-filter 1/f mod type roll-off. to record V SSE . Whenever the laser spot is on the Pt bar (50 µm ≤ y ≤ 130 µm), a large voltage (∼ 1 µV) is detected that inverts its sign on reversing the direction of the applied magnetic field, as expected for the spin Seebeck effect viz. the spin Hall effect. Note that we here discuss the spin Seebeck voltage signal obtained by subtracting two measurements with opposite magnetic field orientation: V SSE = V SSE,raw (+H) − V SSE,raw (−H)with |µ 0 H| = 70 mT. Additionally, the data in Fig. 2 are normalized to the maximum measured spin Seebeck voltage V max SSE for clarity. In the YIG(48)/Pt(4.9) sample shown in Fig. 2 , V SSE is essentially constant up to a modulation frequency of a few megahertz and decays with 20 dB/dec at higher frequencies. As noted above, this decay is due to the RC limitation of our measurement setup rather than intrinsic spin Seebeck physics.
To address the low-pass behavior of our measurement circuit in more detail, we measured the spin Seebeck voltage at one fixed (x, y) position in the center of the Pt bar as a function of the laser modulation frequency for three different samples. As evident from Fig. 3 , the YIG(48)/Pt(4.9) sample (R = 876 Ω) shows the lowest 3 dB cutoff frequency f c of about 1.57 MHz, while the YIG(61)/Pt(19.5) sample (R = 309 Ω) exhibits a slightly larger one (3.08 MHz). The third sample [YIG(55)/Pt(16.8)] was intentionally patterned to exhibit a small resistance (R = 47 Ω) which results in a 3 dB cutoff frequency of about 37 MHz. Since the lock-in amplifier used in the experiments has a bandwidth limit of 50 MHz, V SSE decays faster than the 20 dB/dec expected from the first order RC low-pass for frequencies close to 50 MHz. Note that all data in Fig. 3 can be fitted Fig. 4 ] the two samples with large resistance show a shark fin like response to the laser heating while the response of the third sample is still square wave shaped. The time traces can be fitted with the transient solution to Eq. (2) which then again yields the individual cutoff frequencies. The small difference between the values for f c obtained from the lock-in and the time-domain measurements is due to the introduction of additional shunt capacitances in the latter measurement scheme. The behavior of the individual samples is well reproduced by the low-pass model with a common capacitance C and the resistance of the respective sample, corroborating the notion that the observed roll-off of the spin Seebeck voltage at higher modulation frequencies is not arising from intrinsic spin Seebeck physics, but rather due to the limited bandwidth of the experiment. As noted above, the magnon-phonon interaction time of the uniform precession mode (k = 0) in YIG is of the order of several hundred nanoseconds at room temperature in bulk samples.
3 Assuming the magnon-phonon interaction time for small k magnons in our YIG thin films is of similar magnitude, one would thus expect the spin Seebeck signal to show a pronounced decay with increasing frequency above f mod = (2πτ mp ) −1 ≈ MHz. Since we do not observe an intrinsic frequency dependence up to at least 30 MHz in our experiments, we conclude that the relevant magnon-phonon interaction time is less than about τ = (2πf ) −1 ≈ 5 ns. Our results thus suggest that the uniform precession mode and small wavenumber magnon modes do not contribute significantly to the spin Seebeck effect -at least if τ mp in thin film samples is comparable to the bulk value and if the dominant mechanism for magnons to lose heat is via the phonon channel.
14 Indeed, recent theoretical considerations 5, 15 suggest that thermal (large k) and not the k = 0 magnons are responsible for the spin Seebeck effect. Furthermore, in addition to τ mp , the magnon-magnon interaction time τ mm also could be relevant for the spin Seebeck effect. 8 The few available data and estimates for this quantity vary over a broad range of about 10 −7 − 10 −9 s. 16, 17 Present spin Seebeck theories 8, 15 assume τ mm to be much smaller than τ mp . The time constant of 5 ns, extracted as an upper bound for τ mp from our experiments, thus suggests that τ mm in YIG is closer or even below to the lower end of the above range, at least for the specific subset of magnons responsible for the spin Seebeck effect. Finally, Agrawal et al. 18 recently performed similar experiments on a 6.7 µm thick YIG sample. From their data they extract a time constant of 343 ns as an intrinsic, characteristic limit to spin Seebeck physics in YIG due to a finite magnon diffusion length. This time constant may not be immediately transferable to our experiments in thin film samples, in which the respective time constant, as per their explanation, could be shorter than our detection bandwidth. Nevertheless, the experiments on our samples clearly show no such limit for times larger than about 5 ns.
In conclusion we experimentally studied transient spin Seebeck voltages arising in YIG/Pt thin film samples upon irradiation with an intensity modulated laser beam. From both, lock-in measurements of V SSE for different modulation frequencies as well as time resolved V SSE measurements we consistently find no evidence for a decay of the spin Seebeck signal due to intrinsic time constants up to at least 30 MHz. Rather, the observed frequency dependent roll-off in V SSE can be quantitatively understood as a simple RC low-pass filter effect of the experimental setup. Our results on time scales up to about 5 ns (corresponding to the experimental bandwidth of 30 MHz) thus truly go beyond 19 Weiler et al. 12 and support the notion that small k magnons do not contribute significantly to the spin Seebeck at room temperature. 5, 15 If indeed, the full spectrum of thermal magnons, in which the larger k magnons [small τ mp (Ref. 20) ] contribute significantly more to the pumped spin current, is important, then the spin Seebeck effect is likely to be robust up to much higher (GHz and above) frequencies.
